For effective and practical implementation of border carbon adjustment, it is crucial to determine the carbon content of imports/exports. In this paper we discussed two criteria. One is direct carbon emissions, which accounts for direct emissions generated from production. The other is embodied emissions which accounts for the total emissions generated directly and indirectly in the supply chain. By simulating Japan's carbon tax policy and three border tax adjustment measures, we found that Japan's carbon tax policy cannot effectively address domestic mitigation, nor create real threats to carbon leakage and international competitiveness. To design effective and WTO-compatible carbon adjustment measures, it is important to ensure that the emissions criteria are identical to the carbon coverage defined by domestic carbon policy.
has been received much political attention and included in many legislative proposals for domestic mitigation policies, in particular in the EU and the US.
Direct emissions: Direct emissions refer to the carbon emissions that generated directly from production.
Embodied emissions: Embodied emissions refer to the total carbon emissions generated directly and indirectly from electricity generation and all upstream productions in the supply chain.
International competitiveness: A carbon pricing policy implemented unilaterally can inevitably increase the carbon costs of production and therefore create inequality in the playing field which will be in favour of foreign competitors and impact adversely on the international competitiveness of domestic industries.
Carbon leakage: Associated with the competitiveness concerns over unilateral implementation of domestic carbon pricing policy are the concerns over carbon leakage, which refers to an increase in the emissions from un-regulating countries due to the emissions reductions in the regulating countries. A higher carbon leakage will impair the environmental integrity in achieving global mitigation goals. Japan: Japan is selected as the focus country in our study for two reasons. One is that Japan introduced a carbon tax policy in October, 2012, which has caused great concerns from politicians and the business sector, in particular under current situation of economic downturn. Another one is that Japan depends heavily on both imports and exports. Emissions embodied in the country's imports are considerably large which are relevant for the discussions of direct vs. embodied emissions criteria for determining the carbon contents of imports/exports for border carbon adjustment.
Introduction
There have been many proposals to address the competitiveness and carbon leakage concerns due to the asymmetric international arrangement for the mitigation of global greenhouse gas (GHG) emissions [1] [2] [3] [4] .
Carbon adjustment at the border has received particular attention. Depending on the nature of domestic carbon pricing policies, border carbon adjustment (BCA) measures can take two different forms. One is border tax adjustment (BTA), taking the forms of a carbon tariff on imports to address the competitiveness issue at domestic markets, export rebates to address the competitiveness issue at foreign markets, or using both to address both domestic markets and overseas markets. Another form of BCA is to require importers to surrender allowances under a cap-and-trade system.
Aside from the political concerns and legal issues such as WTO compatibility, there are several practical issues related to the implementation of BCA measures [1] [2] . In particular for the design of a BTA, the issue of how to determine the carbon content has received special attention [5] [6] . Böhriger and his colleagues [7] summarized three dimensions in designing the carbon tariffs: (i) embodied carbon coverage; (ii) sector coverage; and (iii) tariff rate differentiation. To complement their discussions, this paper focused on direct vs. embodied emissions as criteria to determine the carbon content of products subject to carbon adjustment at border. Direct emissions refer to emissions directly emitted on-site from the production of products. Embodied emissions refer to all emissions emitted directly or indirectly from upstream productions and electricity generation that are required for the production of the products at issue.
The objective of the BTA is to level the playing field between domestic regulated industries and foreign unregulated industries. Theoretically, an ideal BTA is to maintain the same competitive terms for relevant domestic and overseas products before and after the unilateral carbon pricing policy is introduced. Under a carbon pricing policy, the structure of carbon costs of industries includes three components: (i) direct carbon costs due to the direct emissions emitted from production; (ii) indirect carbon costs due to the consumption of electricity in production (electricity carbon costs); and (iii) indirect carbon costs due to the use of intermediate inputs (upstream carbon costs) . Corresponding to these are direct emissions, indirect emissions from electricity generation and indirect emissions from upstream productions.
Embodied emissions include all three types of emissions. Depending on the design of the carbon pricing policy and whether industries will pass through their carbon costs to downstream customers, the actual carbon costs of industries will include full or partial of direct, electricity and upstream carbon costs. For different industries, the impacts can vary greatly based on their individual cost structure. For the design of an effective BTA, it is therefore important to ensure that the carbon coverage of the tariff is the same as the coverage of the carbon costs per se under the carbon pricing policy. If the carbon pricing policy will de facto generate a full carbon cost to the industries, covering direct, electricity and all upstream emissions, a BTA designed based on the direct emissions criteria will not be considered effective because it can only address part of the total carbon costs. This is particular relevant for industries such as aluminum, which electricity-related emissions accounts for most of its carbon costs. If the carbon pricing policy covers only partial of the full carbon costs, such as by free allocation of emission permits under a cap-and-trade system, a carbon tariff designed based on embodied emissions criteria will be considered over-regulation on imports, which can be challenged by the WTO rule of national treatment and suspected by the motivation of using the BTA as protectionism purpose.
From practical viewpoint, defining in detail the carbon content of each individual category of goods is difficult, especially when imported goods are produced from a supply chain which is completed through global cooperation and specialisation [8] . Tracing the carbon emissions of all upstream suppliers (both direct and indirect) along the global supply chain is almost impossible, in particular when firms in third countries do not have proper monitoring and reporting system in place.
Given the importance of this issue, the aim of this paper is to examine the impacts of direct vs. embodied emissions criteria used for determining the carbon coverage on the effectiveness of BTA measures in addressing the carbon leakage and competitiveness concerns. We applied a multi-region computable general equilibrium (CGE) model for the analysis. Except for a few studies [6] [7] [9] [10] , most literature on the quantitative assessment of the economic and environmental effectiveness of BCA measures consider either direct emissions or partial indirect emissions from electricity generation. For a review of current studies, please see Zhou, et al.[11] .
Our country focus is Japan and its major trading partners in developing Asia, including Republic of Korea, China, India and ASEAN countries. The USA is also included because of its importance as a trading partner of Japan and as a counterpart which has similar technology level and carbon intensity of industries.
Japan promised to reduce 6% of GHG emissions from the 1990 levels for the Kyoto Protocol first commitment period (2008) (2009) (2010) (2011) (2012) . For post-Kyoto process, Japan announced 25% reductions in GHGs from the 1990 level by 2020 and 80% reductions by 2050. To achieve these goals, the Japanese Government introduced a carbon tax on the use of fossil fuels (coal, gas and oil) from October, 2012. The ultimate tax rate is JPY289/t-CO 2 (approximately USD3/t-CO 2 ), which will be reached in three steps:
JPY95 from October, 2012 to March, 2014 JPY190 from April, 2014 to March, 2016 and JPY289 from April, 2016 onwards. The introduction of the carbon tax policy will increase the production costs in Japan and have caused political concerns on losing international competitiveness of Japanese industries, which will result in demand shift to less expensive imports and loss of market share in foreign markets [101] . If Japan imports more from countries which production are more carbon intensive than in Japan, carbon leakage will happen and global GHG emissions will increase. ¥ The Ministry of Finance of Japan raised this issue at the Research Group on Environment and Tariff Policies and discussed several BCA measures such as a carbon tariff on imported products, free allocation of emission allowances, and carbon tax exemption for domestic producers [102] . In this work, we simulated the carbon tax at the rate of JPY289/t-CO 2 on the use of fossil fuels in Japan and three different BAT measures: (i) carbon tariff on the imports of EITE sectors; (ii) export rebate for Japan's EITE sectors; and (iii) both carbon tariff and export rebate for EITE sectors. We compared the impacts of using direct vs. embodied criteria for determining the carbon coverage and use the levels of emissions based on the country of origin.
The structure of the paper is arranged as follows: Section 2 explains the methodologies, including model description, scenario setting and explanations on data. Section 3 presents the results with discussions.
Section 4 summarizes the conclusions, followed by an executive summary in Section 5 and the future perspectives in Section 6.
Methodology
In this paper, we assessed the competitiveness impacts and environmental effectiveness of the carbon tax policy and the carbon tax policy with a BTA measure in Japan. Competitiveness impacts are measured by the output change and change in the global market share of industries. Environmental effectiveness is indicated by the changes in both domestic emissions and global emissions. Only CO 2 emitted from fossil fuel combustion are considered. The significance of carbon leakage is examined by carbon leakage rate, defined as the ratio of the amount of emissions increased elsewhere to the amount of domestic reductions.
If the leakage rate is greater than 1, the global emissions will increase and the environmental integrity of domestic carbon policy will be damaged. For BTA measures, we simulated (i) a carbon tariff adjustment;
(ii) an export rebate adjustment; and (iii) both a carbon tariff and an export rebate. We assumed that the carbon tariff rate and the rebate rate are the same as domestic carbon tax rate, which is JPY289/t-CO 2 to be implemented from 2012 onward.
Model description
In this study, a multi-region computable general equilibrium (CGE) model, GTAP6inGAMS 
Data and assumptions
For the construction of the multi-region CGE model and the MRIO model, GTAP Database Version 7 (base year is 2004) is employed. GTAP Database Version 7 divides the world into 113 regions and each economy is categorized into fifty-seven sectors. In this study, we re-categorized 113 regions into seven and sectors into thirty-nine. Of the thirty-nine sectors, there are three energy sectors (petroleum and coal products, electricity, and gas manufacturing and distribution) and thirty-six non-energy sectors, of which six are defined as EITE sectors. Based on other studies [1-2, 15, 104], we defined paper products and printing (ppp), chemical, rubber and plastic products (crp), non-metallic minerals (nmm), iron and steel (i_s), non-ferrous metals (nfm) and fabricated metal products (fmp) as EITE sectors. They are selected because either the production itself is carbon-intensive, or they use substantial electricity in their production (such as aluminum production in the non-ferrous metals sector), or they use substantial carbon-intensive intermediate products as inputs (such as fabricated metal products). The former case will generate direct carbon costs and the latter two cases will generate indirect carbon costs to industries. In addition, most of them are exposed to trade competitions either in terms of imports or exports. Region and sector definitions are shown in Appendix I and Appendix II. For emissions data, we used the GTAP-E database, which is included in the package of GTAP Database Version 7.
Key parameters of the multi-region CGE model such as elasticity of substitution are taken from GTAP Database Version 7. Following Rutherford and Paltsev [16] , the elasticity of substitution between energy and non-energy goods in household consumption is set as 0.5. Lau et al. [105] , a reference path is designed for future projection. Using the World Bank's Global Economic Prospects [17] as the reference, the growth rates of endogenous quantity and price variables are assumed at 3%. The future paths for other exogenous variables such as supply of production factors and population growth follow the forecast developed by the GTAP.
Similar to

Simulation scenarios
As explained before, Japan introduced a carbon tax on the use of fossil fuels in 2012, which will be added to both the output price and import price of fossil fuels. In this study, fossil fuels include coal (sector coa), gas (sector gas), and oil (sector oil) and petroleum and coal products (sector p_c). Carbon tax is introduced from 2012 onwards at the rate of JPY289/t-CO 2 (USD2.67/t-CO 2 , based on the exchange rate of JPY108. Regarding the BTA measures, import tariff only, export rebate only, and both carbon tariff and export rebate adjustment are employed. The three BTA measures are applied only to the EITE sectors based on the country-specific carbon content.
In addition, we distinguished two criteria in determining the carbon content of imports/exports to be adjusted at the border. One is direct emissions coefficients calculated as emissions generated directly from the sector divided by the total outputs of the sector. Another is embodied emissions coefficients, or the carbon footprints, calculated as total emissions directly and indirectly from all upstream productions in the supply chain of the finished products. In our study, the embodied emissions coefficients are calculated using a MRIO model of seven regions (Eq. (1)- (4)). There are eight scenarios in total (see Table 1 ).
<Insert Table 1> 3. Results and discussions
Description of EITE sectors
The description of EITE sectors in Japan in 2004 is presented in Table 2 . Chemical, rubber and plastic products, iron and steel, fabricated metal products, non-ferrous metals and non-metallic minerals are important exporting sectors, while chemical, rubber and plastic products, and non-ferrous metals are also dependent on imports. From environmental perspective, all six EITE sectors have much more embodied emissions than direct emission. Relatively speaking, direct emissions account for more shares for paper products and printing, chemical, rubber and plastic products, non-metallic minerals and iron and steel, while non-ferrous metals and fabricated metal products are attributable more to the indirect emissions embodied in their products. The impacts of direct carbon costs in total outputs are very small, ranging from 0.003% to 0.08%. Non-metallic minerals will be influenced the most (0.08%), followed by iron and steel (0.067%), while fabricated metal products (0.003%) and non-ferrous metals (0.013%) will be influenced the least. According to Reinaud ([1]), international transportation costs can function as a trade barrier to protect domestic products from imports of like products. Higher international transportation costs of imports will protect domestic competitiveness of like products. To check this mechanism, we examine the share of the international transportation costs in total value of imports (the higher the more protective from import competition) and the ratio of equivalent direct carbon costs of imports to international transportation costs (the higher the more vulnerable to competitiveness loss). We found that non-metallic minerals and fabricated metal products, with the share of international transportation costs as of 16.5% and 10.7%, respectively, are more protective from import competition. Since the ratios of the equivalent direct carbon costs of imports to the international transportation costs for all sectors are very small, ranging from 0.0003 for fabricated metal products to 0.0159 for iron and steel sector, there is no strong evidence that these EITE sectors would be vulnerable to competitiveness loss due to the introduction of the carbon tax.
<Insert Table 2> Table 3 presents direct emissions coefficients and embodied emissions coefficients for each sector, which are used for the calculations of the carbon content of imports and exports based on the direct emissions and embodied emissions criteria, respectively. The embodied emissions coefficients, reflecting the total environmental impacts of the supply chain, can be much higher than the corresponding direct emissions coefficients, which can be as much as sixty-two times higher (such as the sector of other transport equipment in Japan).
<Insert Table 3> 3
.2 Impacts on international competitiveness
International competitiveness of EITE sectors is measured by output change. Tables 4 and 5 present the output change of EITE sectors in Japan under different scenarios. We compared the differences between the carbon tax case (CTax) and the BAU case and between each of the three BTA cases and the BAU case. Table 4 shows the results of using direct emissions as the criteria for three BTA measures. Table 5 shows the results of using embodied emissions as the criteria for BTAs. It should be noted that the carbon tax levied on the use of fossil fuels in Japan can per se generate a full carbon costs to all sectors under the assumption that each sector will pass through their carbon costs to downstream customers. BTAs based on direct emissions criteria can only address direct carbon costs of each sector and BTAs based on embodied emissions criteria can reflect the full carbon costs of sectors. Therefore BTAs based on embodied emissions criteria can be considered more similar to domestic carbon tax.
<Insert Table 4>   Table 4 indicates that when Japan implements the carbon tax (CTax), the outputs of EITE sectors will be impacted negatively, however the impacts are trivial, ranging from -0.0001% (paper products and printing sector in 2012) to -0.01% (non-ferrous metals in 2020). These negative impacts can be strengthened dramatically with time. The non-ferrous metal sector will be influenced the most followed by iron and steel sector and paper products and printing will be influenced the least among six EITE sectors. Based on direct emissions criteria, the effectiveness of three BTAs in alleviating the negative impacts of the carbon tax policy on the international competitiveness of EITE sectors is different. Except for fabricated metal products, three BTAs can effectively reduce the competitiveness loss due to the carbon tax in most cases, and in many cases they can even help EITE sectors gain more competitiveness compared with the BAU case. The main reason is because the carbon intensity based on direct emissions of EITE sectors in Japan is generally much less than that of the corresponding sectors in other countries, in particular developing Asian countries (China, India and ASEAN countries) (see Table 3 ). By implementing carbon adjustment using the same rate as domestic carbon tax, the carbon costs per unit value of the EITE sectors that are produced from Japan will be much less than those produced from overseas. This will give EITE sectors in Japan competitive advantages. As a result, competitiveness gained though outstanding performance in the carbon intensity of most sectors in Japan can outweigh the competitiveness loss due to indirect carbon costs that are not addressed by the BTAs which are based on direct emissions criteria.
For fabricated metal products, the BTA measures can worsen the competitiveness of the sector and the BTA using both import tariff and export rebate is the worst case followed by the case of export rebate.
The major difference of this sector from other EITE sectors is that the indirect carbon costs are much higher than its direct carbon costs (more than 30 times, see Table 3 ). Therefore BTAs based on direct emissions criteria can address only a small portion of the full costs of the sector. Based on the CGE model, more capital and labors will be allocated to other EITE sectors because they gain more competitiveness under BTAs than the BAU case. As a result, less capital and labors will be available for the sector of fabricated metal products, which will influence its output negatively.
Except for fabricated metal products, a BTA using both import tariff and export rebate can be considered the most effective in addressing output loss. In addition, import tariff will be more effective for paper products and printing, non-metallic metals and non-ferrous metals from a short-term perspective, and export rebate will be more effective for chemical, rubber and plastic products, iron and steel and for paper products and printing, non-metallic metals and non-ferrous metals in a longer term (in 2020).
In contrast to Table 4 , embodied emissions coefficients are used for the calculation of the carbon content for imports/exports subject to BTAs in Table 5 . Since BTAs based on this criterion can address the full carbon costs, they are more effective than the BTAs based on direct emissions. Even for fabricated metal products, all three BTAs can properly address the competitiveness issue. In addition, BTAs based on embodied emissions criteria can help all EITE sectors to gain more competitiveness than the BAU case, in particular for non-ferrous metals, which embodied emissions coefficients are much lower than those in other countries (Korea, China, India and ROW).
<Insert Table 5> 
Impacts on carbon leakage
To test carbon leakage effects of different policy scenarios, we compared Japan's national emissions with those in the rest of the world (Tables 6 and 7 ). The carbon tax policy can reduce domestic emissions but at very minor levels, up to -0.0016% reductions compared with the BAU case. With the introduction of BTAs, Japan's domestic emissions will increase, however the impacts are also very small, up to 0.0165% when using the direct emissions criteria and 0.069% when using the embodied emissions criteria under the scenario of applying both import tariff and export rebates compared with the BAU case. Non-metallic minerals will increase the most, followed by chemical, rubber and plastic products. Among three BTAs, the BTA which imposes both carbon tariff and export rebate will have the largest impacts and import tariff will have the least impacts. The reason for such increase is because under BTAs, most of Japan's industries will gain more competitiveness due to their outstanding performance in terms of carbon intensity, which will increase the outputs compared with the BAU cases. Output increase will in turn increase national emissions. With respect to the criteria determining the carbon content of imports/exports for BTAs, embodied emissions-based BTAs will have exert more impacts on the increase of Japan's national emissions than BTAs based on direct emissions.
<Insert Table 6> For other regions, changes in emissions due to the introduction of different climate policies in Japan show opposite trends as in Japan. In the case of CTax, emissions from the rest of the world will increase, indicating the phenomenon of carbon leakage triggered by the mechanisms of output loss in Japan. The carbon leakage rate can be as high as 180% in 2012 when the carbon tax policy was just introduced.
Compared with other studies, the extremely high leakage rate in our study is due mainly to the large differences (as much as more than ten times for some sectors) in the carbon intensity of industries that are located in Japan and in other regions (see Table 3 ). This can be caused by data quality or sector aggregation, however to examine the data quality is beyond the scope this study.
From individual country's perspective, except for the rest of the world (ROW), China is the major destination of carbon leakage, followed by India and the USA (see Table 8 ). From global emissions perspective, global emissions will increase, indicating damage to the global integrity in addressing emissions by the climate policy implemented unilaterally in Japan. With BTA measures in place, emissions from other regions will decrease, indicating the effectiveness of BTAs in addressing emissions reductions in other regions. Though emissions from Japan will increase, global emissions will decrease, indicating the effectiveness of BTAs as instruments to achieve global reductions. Among three BTAs, the BTA using both import tariff and export rebate will be the most effective to address emissions reductions 16 in other regions while the import tariff is the least effective. For the criteria used to determine the carbon content, embodied emissions criteria-based BTAs will be more effective than direct emissions-based BTAs.
<Insert Table 7> <Insert Table 8> 
Conclusions
In this paper we examined the impacts of using direct emissions vs. embodied emissions as criteria for determining the carbon coverage of imports/exports on the effectiveness of BTAs in addressing international competitiveness and carbon leakage concerns. By simulating a carbon tax policy introduced in Japan with three BTAs, i.e. import tariff, export rebate and both import tariff and export rebate at the same time, we summarized several conclusions for the case of Japan as follows (see also Table 9 ).
<Insert Table 9> i) Based on our simulations, a carbon tax policy introduced in Japan cannot demonstrate effective to address domestic emissions. Though the carbon tax policy will trigger the carbon leakage mechanisms which can undesirably result in an increase in global emissions, the impacts are very small. Though we conducted sensitivity analysis by increasing the carbon tax rate by 10 times (about USD30/t-CO 2 ), the impacts of the carbon tax policy on domestic reductions and on carbon leakage are still very small.
ii) The carbon tax policy in Japan can impact domestic industries adversely on both EITE sectors and the economy as a whole. However, the impacts are very small. At sectoral level, nonferrous metals will be influenced the most and paper products and printing sector will be influenced the least among six EITE sectors.
iii) In general, three BTA measures can effectively address the competitiveness loss of EITE sectors, however, for addressing economy-wide competitiveness loss, export rebate will be more effective than import tariff. In addition, three BTA measures can be considered effective to address carbon leakage and global reductions, with the BTA using both import tariff and export rebate being the most effective.
iv) For the case of Japan, since the carbon tax policy can generate a full carbon costs to industries, embodied emissions-based BTAs can be more effective to address both competitiveness concerns and carbon leakage concerns than direct emissions criteria-based BTAs.
Based on our empirical analysis for Japan, we raise several points as follows which we think that should be considered by the policy makers when designing a BCA measure.
First, it is important to have an effective domestic climate policy in place, which should be the fundamental basis and solid justification for introducing any BCA measures. Considering the legality of BCA measures to be judged by the WTO law, in particular based on GATT Article XX, it is necessary to demonstrate the necessity of the trade measure in achieving the environmental objective related to Article XX (b) and (g), and substantial link between the trade measure and the stated climate change policy objective. In the case of Japan, our analysis indicated that the carbon tax policy can generate only marginal impacts on domestic mitigation and global carbon leakage, which cannot be justified as necessary to require a trade measure in achieving the stated mitigation objectives.
Second, it is also important to ensure that a BCA measure designed will not infringe the nondiscrimination principle, i.e. national treatment and the most-favoured-nation treatment, provided under GATT (Articles I, II and III). Based on economic theory, the inequality in the playing field between domestic and overseas industries before and after the implementation of domestic climate policy is the main reason for carbon leakage. Therefore an effective BCA measure should be designed to ensure that it will best address the inequality in the carbon costs of industries. In this regard, the direct vs. embodied emissions criteria for determining the carbon coverage of BCA measures is relevant. If the emissions criteria selected can address only part of the carbon costs per se that are created by domestic climate policy, the effectiveness of a BCA measure in addressing the inequality in the carbon costs and related carbon leakage cannot be ensured. If emissions criteria selected are stricter than the carbon coverage of domestic climate policy, the motivation of the introduction of a BCA for trade protectionism and the violation of national treatment clause of GATT can be suspected. In the case of Japan, BTAs based on direct emissions criteria are shown ineffective for sectors, such as non-ferrous metals and fabricated metal products, which are characterised as more indirect carbon costs in their cost structure. In addition, since Japan's industries generally have much less carbon intensity compared with overseas competitors, in particular those in developing countries, the selection of the emissions levels based on either the regulating country or the origin countries is also an important issue. Based on our empirical study for Japan, the selection of the emissions levels based on the origin countries will create an unequal play field in favour of Japan's industries. Under such condition, the national treatment and the most-favoured-nation treatment rules cannot be followed.
Last, but not least, in practice how to determine the carbon contents of each individual category of goods is difficult, time-consuming and costly in terms of administrative costs, in particular when embodied emissions criteria is applied. Many factors can influence the carbon intensity of production substantially, such as technologies used, energy efficiency obtained per same technology, energy sources, type of feedstock and price variations. It is more equitable to assess embodied emissions for imported goods at the border on a case-by-case product basis. However it is nearly impossible to implement without the assistance of fairly rigorous emissions monitoring and reporting in the country of origin, which require great efforts from international collaborations. Some literature discussed this issue [2, 7] , however, we would like to include this in the future research agenda.
Executive summary
 Introduction. We raised the practical issue of how to determine the carbon coverage for border carbon adjustment and described the linkages between direct vs. embodied emissions criteria and the three components of the carbon costs of industries due to the introduction of a carbon pricing policy. The three components include: (i) direct carbon costs; (ii) indirect electricity carbon costs; and (iii) indirect upstream carbon costs.
 Methodology. We explained the method of using a multi-region CGE model (GTAP6inGAMS) for policy simulations and the method of using a multi-region input-output (MRIO) model for the calculations of embodied emissions coefficients. We designed three policy options, the business as usual case, the carbon tax policy, and border tax adjustment. For BTA, we designed three measures: carbon tariff, export rebate and both carbon tariff and export rebate. In addition, we designed two criteria for determining the carbon contents of imports/exports. One is direct carbon emissions and the other is embodied emissions.
 Results and discussions. We presented the results of policy impacts of different scenarios on international competitiveness (indicated by output change) and carbon leakage. For the competitiveness impacts, our focus is on carbon-intensive and export-exposed (EITE) sectors.
 Conclusions. We summarized the results in one table and we drew five conclusions on the impacts of each policy on international competitiveness and carbon leakage. We found that embodied emissions criteria-based BTAs can be more effective to address both competitiveness concerns and carbon leakage concerns, however, to select which criteria should depend on the carbon coverage per se of domestic carbon pricing policy.
Future perspective
First, as we mentioned in the concluding section, for practical implementation of BCA, how to determine the carbon contents of each individual category of goods is a big challenge. Given the importance of this issue to ensure a fair and effective BCA measure, it should be taken up as an important topic in the future research agenda.
Second, under the presence of border carbon adjustment arrange, there will be a hidden inequality in accounting for trade-related emissions by using the national greenhouse gas inventory approach in the presence of border carbon adjustment. Under a domestic carbon pricing policy, producers pay for the carbon costs in exchange for the right to emit. Under a border carbon adjustment measure, the exporting country pays for the carbon costs of their exports to the importing country, however, they are not given any emissions credits. As a result, the emissions related to trade will be counted in the national inventory of the exporting country. We discussed this issue in another paper [18] . [18] Zhou X, Yano, T, Kojima, S. Addressing the hidden inequality in accounting for trade-related emissions: National GHG inventory adjustment for trade in the presence of border carbon adjustment. Energy Policy (submitted). 
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